† Transoesophageal Doppler (TED) is useful to guide intraoperative volume expansion (VE) in neonates and young infants. † TED derived stroke volume accurately predicts responsiveness to VE. † VE based on standard monitoring data is inappropriate in more than 50% of patients. † TED monitoring can avoid undue fluid loading.
Background. Volume expansion (VE) in neonates or infants during volatile anaesthesia may lead to fluid overload if inappropriate. Transoesophageal Doppler (TED), a non-invasive cardiac output monitoring technique, can provide a comprehensive estimation of the volaemic status. We evaluated whether intraoperative TED-derived parameters can predict volume responsiveness.
Methods. Neonates and infants under general anaesthesia without myocardial dysfunction were prospectively included when the attending anaesthetist, blinded to TED measurements, decided to provide VE based on clinical appreciation and standard monitoring data. Standard and TED-derived data were recorded before and after VE. After VE, patients were classified as responders and non-responders, if their indexed stroke volume (iSV) increased by more than 15% or not, respectively. The attending anaesthetist assessment of VE responsiveness was recorded at the end of VE.
Results. Fifty patients aged 42 (4) post-conceptional weeks were included, among which 26 (52%) were responders. Baseline iSV was the only parameter associated with VE responsiveness. Baseline iSV was fairly correlated with VE-induced changes in iSV (r¼20.64) and was associated with an area under the receiver operating characteristic curve of 0.90 (0.80, 0.99). Using a cut-off of 25 ml m 22 , baseline iSV predicted volume responsiveness with a sensitivity of 92% and a specificity of 83%. Attending anaesthetists' assessment of VE effectiveness agreed only moderately with TED measurements of iSV changes.
Conclusions. TED-derived iSV measurement during volatile anaesthesia is useful to predict and follow VE responsiveness in neonates and infants without myocardial dysfunction.
Keywords: Doppler ultrasonography, transoesophageal; infants; monitoring, intraoperative; newborns Accepted for publication: 16 August 2011 The assessment of perioperative hypovolaemia and the trigger for volume expansion (VE) in paediatric anaesthesia are based on the integration of multiple variables. Clinical endpoints such as arterial pressure, heart rate (HR), pulse pressure, and urine output play an important role in appraising a patient's volume status. The type of intervention (e.g. bowel surgery), current or predicted surgical events (e.g. bleeding), and laboratory findings (e.g. haematocrit, lactate) are also considered before VE. The goal of VE is an attempt to increase stroke volume (SV) and, consequently, cardiac output (CO). VE assumes that the patient is on the ascending portion of the Frank -Starling curve and has recruitable CO. Once the left ventricle (LV) is functioning near the flat part of the Frank-Starling curve, fluid loading has little effect on CO.
1 In a paediatric context, VE may in fact be harmful as the immaturity of neonatal diastolic cardiac function increases the risk of congestive pulmonary oedema in cases of undue fluid loading. 2 As clinical appreciation of the volaemic status is known to be unreliable in ventilated children, 3 minimally invasive tools that could predict patient responsiveness to VE would be extremely useful. A non-invasive, user-friendly monitor allowing for the measurement of CO and effective management of haemodynamic instability in neonates and infants would be a major advance in practice. Transoesophageal Doppler (TED) has been shown to effectively measure CO in newborns and children 4 and, therefore, could allow for the assessment to determine the utility of TED to guide VE in neonates and young infants without myocardial dysfunction undergoing general tracheal anaesthesia with mechanical ventilation. Informed consent from patients' caregivers was obtained before inclusion in the study. Neonates and infants weighing between 2.5 and 5.0 kg, aged ,6 months, undergoing a surgical procedure under volatile anaesthesia requiring tracheal intubation and controlled ventilation were consented for the possible entry into the study. Exclusion criteria were preoperative haemodynamic instability or catecholamine infusion, known congenital heart disease with haemodynamic consequences, hypothermia (temperature ,358C), and oesophageal malformation. Patients were optimized before operation and deemed haemodynamically stable and clinically euvolaemic before the induction of anaesthesia. Anaesthesia was maintained using a volatile anaesthetic, but otherwise was not strictly standardized. Ventilation was set to maintain end-tidal CO 2 between 25 and 35 mm Hg. Arterial pressure was measured using a standard non-invasive cuff applied to the upper limb. Patients were formally entered into the study if the attending paediatric anaesthetist felt that it was necessary to provide a fluid bolus during the maintenance of anaesthesia. The need for VE was based on traditional endpoints such as clinical history, type of surgery, perioperative events, and standard monitoring data excluding TED measurements. Upon selection into the study, a second anaesthesiologist was called to perform TED measurements. TED-derived data and standard monitoring data were registered immediately before and after VE. The second anaesthetist inserted a 5 mm diameter, 4 MHz, flexible TED probe (Cardio QP TM , Deltex Medical TM , Chichester, UK) through the mouth of the patient in an attempt to place its tip in the mid-oesophagus. The attending anaesthetist was blinded to TED waveform-or TED-derived data. The optimal position of the probe was suggested by an audible, maximal pitch and a sharply defined velocity waveform with minimal spectral dispersion. Five consecutive TED measurements pre-and post-VE were completed and averaged. The probe was rotated to display the best aortic blood flow signal before each measurement. Cardiac index (CI), iSV, cFT (length of time of systolic blood flow adjusted for HR, that is, divided by the square root of the heart cycle time), PV (maximal velocity during systole), and MA (PV divided by the acceleration time during systole) of the descending aorta velocity waveform were recorded. VE consisted of an infusion of 10-30 ml kg 21 of crystalloid (normal saline 0.9%) or colloid (albumin 4% or Voluven w hydroxyethyl starch 130/0.4 6%) over a period of 20-40 min. Patients were excluded if: (i) a correct TED signal was impossible to obtain, (ii) an anaesthetic or a surgical event with haemodynamic consequences occurred during VE, such as epidural bolus, surgical incision, surgical bleeding, compression of great vessels, or pneumoperitoneum inflation, or (iii) there was concurrent use of a vasoactive agent. Volatile anaesthetic concentration and mechanical ventilation were kept constant during the VE period. At the end of VE, the attending anaesthesiologist was asked to classify the VE as positive (improved haemodynamic status) or negative (unchanged or worsened haemodynamic status). Each patient could only be included once in the study.
Statistical analysis
Patients were initially classified as responders (R) if their iSV increased by ≥15% after VE. Patients with ,15% change in iSV were classified as non-responders (NR). Results are expressed as mean (SD) or median (10th, 90th percentiles), where appropriate. R/NR groups and baseline/post-VE measurements were compared using Student's, Wilcoxon's, x 2 , or Fischer's exact test, as appropriate. Covariables significantly associated with VE responsiveness in the univariate analysis (P,0.05) were entered in a logistic regression analysis to explore the relative importance of each covariable on VE responsiveness [step-by-step procedure based on the maximum likelihood ratio test (a-to-enter¼0.10, a-to-exit¼0. 20) ]. Interactions between covariables were assessed if relevant. Adjusted odds ratios and 95% confidence intervals were calculated. Receiver operating characteristic (ROC) curves were fitted for variables significantly associated with VE responsiveness in the multivariate analysis. The area under the ROC curve was calculated using the trapezoid rule. For each variable, a cut-off value was determined to maximize both sensitivity and specificity. Linear correlations were searched between variables associated with VE responsiveness and VE-induced iSV changes, using the Spearman rank method. k coefficient was calculated to assess the concordance between R/NR classification and anaesthetist' perceived responsiveness to VE. Statistical significance threshold was set at 5%. Statistical analysis was performed using SAS TM version 9.0 (SAS Institute TM , Cary, NC, USA).
Results
Results are presented in Tables 1 and 2 for both R and NR at baseline and post-VE and are expressed as mean (SD) or median (10th, 90th percentiles), where appropriate. Fifty-six patients were felt to be hypovolaemic and required VE. Six patients were excluded from the study due to inability to obtain a correct and stable TED signal (two), hypothermia ,358C (one), a surgical incision during VE (one), epidural bolus during VE (one), and inflation of pneumoperitoneum during VE (one). The remaining 50 patients were aged 22 (1, 101) post-natal days, 42 (4) post-conceptional weeks, and weighed 3.6 (0.9) kg. A TED probe was inserted in each patient at a mean depth of 14 (2) cm. Patient characteristic data, surgical procedures, VE characteristics, and respiratory and haemodynamic parameters are reported in Tables 1 and   2 , according to responsiveness to VE. Of these 50 patients, 26 (52%) were classified as R with an iSV increase of ≥15% after VE, whereas 24 (48%) were classified as NR. Anaesthesia induction consisted of sevoflurane in 50% and 79% (P¼0.032) and propofol in 92% and 96% (P¼0.609) of R and NR, respectively. Fentanyl, sufentanil, or remifentanil were used as opioids in 36, six, and two patients, respectively. Anaesthesia was maintained with sevoflurane in 77% and 62% of R and NR, respectively (P¼0.231) whereas desflurane was used for maintenance in the remaining patients. Nitrous oxide was added in 23% and 29% of R and NR, respectively (P¼0.560). Preoperative epidural anaesthesia with 0.6 -0.9 ml kg 21 ropivacaine 0.2% was combined to general anaesthesia in 42% and 62% of R and NR, respectively (P¼0.160).
Predicting volume responsiveness
As shown in Table 2 , before VE, baseline HR, CI, iSV, cFT, and PV differed significantly between R and NR. In the multivariate model, iSV was found to be the only parameter significantly associated with VE responsiveness [P≤0.0001, adjusted odds ratio of 1.39 (1.13, 1.70)]. As seen in Figure 1 , baseline iSV correlated negatively with VE-induced iSV changes (r¼20.64; P,0.0001). Using a cut-off of 25 ml m 22 , baseline iSV predicted volume responsiveness with a sensitivity of 92% and a specificity of 83%. Figure 2 shows that the area under the curve of iSV was found to be 0.90 (0.80, 0.99).
Clinical judgement of VE effectiveness
Haemodynamic data presented in Table 2 such as HR, iSV, cFT, PV, and MA improved after VE in the group of responders. Table 3 shows that variations in haemodynamic parameters between pre-and post-VE were statistically different in R and NR, except for mean arterial pressure (MAP). The anaesthetist's assessment of volume responsiveness agreed with TED responsiveness in 73% of cases (k coefficient¼0.46, 95% confidence interval: 0.22, 0.71). The anaesthetist correctly noted that 24 of the 26 (92%) R had benefitted from VE. However, they correctly identified that only 10 of the 24 (42%) NR did not improve after VE.
Discussion
The results of this study demonstrate that (i) TED-derived iSV can predict responsiveness to VE with a sensitivity of 92% and a specificity of 83%; (ii) VE based on standard clinical monitoring data may be inappropriate in as much as 50% of neonatal and young infants undergoing general volatile anaesthesia; and (iii) the anaesthetist's perceived responsiveness to VE correlated only moderately with TED measured iSV changes. It is known that clinical appreciation of the volaemic status in ventilated children in an intensive care unit (ICU) setting is unreliable and there are no data to demonstrate that volaemic status may be better assessed perioperatively. 3 In our study, VE based on standard clinical monitoring data was shown to be inappropriate in close to 50% of the patients classified as NR. Before VE, MAP and HR were not found to be different between R and NR. Complex paediatric patients undergoing a balanced anaesthetic and subjected to various surgical interventions may explain some of these challenges in the assessment of volume status. Similar to previous studies, MAP and HR did not reliably reflect CO in our population of anaesthetized paediatric patients. 6 7 However complex, the assessment of need and responsiveness to VE is important, especially in neonates where immature diastolic cardiac function could rapidly lead to pulmonary oedema. 2 Furthermore, anaesthetists had difficulty distinguishing whether a patient had responded positively or negatively to VE. In 28% of our patients, the clinicians felt that NR had effectively responded to VE. Inaccurate appraisal of volume status after inaugural fluid challenge may expose patients to further undue fluid loading. Little research has focused on the assessment of preload dependence and the paediatric heart's ability to convert an augmentation of preload into an increase in CO. Static indices such as central venous access (CVP) and pulmonary arterial occlusive pressure (PAOP) are considered to be the Table 2 Anaesthetic, respiratory, and haemodynamic parameters. R and NR, responders and non-responders to VE; VE, volume expansion; MAC, minimum alveolar concentration: 3.3% and 9.16% were considered as MAC of sevoflurane and desflurane, respectively. Twenty per cent potentiation by N 2 O was considered when associated; HR, heart rate; MAP, mean arterial pressure; CI, cardiac index; iSV, indexed stroke volume; cFT, corrected flow time; PV, peak velocity; MA, mean acceleration; results are mean (SD); *P,0.05 baseline vs after VE; P, R vs NR at baseline poor predictors of fluid responsiveness in adults. 8 -10 Dynamic indices which account for cardiopulmonary interactions in mechanically ventilated patients offer improved accuracy in predicting VE responsiveness. 1 11 Examples of dynamic indices include transthoracic echocardiography (TTE) or TED measurements of aortic blood flow velocity or SV, arterial pulse pressure, and pulse oximetry plethysmographic waveform breath-related changes. 12 -15 Unfortunately, the performance of these dynamic indices in the paediatric literature has been disappointing due to low tidal volumes, higher arterial elastic properties, and increased chest wall compliance which may dampen the transmission of transpulmonary pressure changes. 16 Two paediatric ICU studies including ventilated children between the ages of 8 months and 4 yr demonstrated that variations in aortic blood flow velocity, inferior vena cava diameter measured by TTE, or both, but not variations in pulse pressure, predicted response to VE. 16 17 However, it would be challenging to complete intraoperative TTE in neonates undergoing a surgical intervention. Respiratory variations in aortic blood flow velocity as measured by TED has been found to be reliable in adult studies, but this requires specialized software that is able to perform sophisticated analysis of the Doppler signal in real time. 13 To our knowledge, there are no studies investigating dynamic indices in neonates or young infants. Preload-dependent patients with a diminished SV are functioning on the ascending part of the Frank-Starling curve. It is therefore not surprising that in our study, iSV was found to effectively predict the responsiveness to VE in our paediatric population with preserved LV function. Maturational changes in neonatal cardiac function and altered LV filling dynamics may be more dependent on age-related changes in diastolic rather than systolic properties. 18 Patients presenting with preoperative haemodynamic instability and possible associated cardiac dysfunction were excluded from our study. The low concentration of sevoflurane (,1 minimum alveolar concentration) used in our study (Table 2) has been shown to produce minor decreases in contractibility. 19 Desflurane and nitrous oxide possess direct negative inotropic actions independent of changes in autonomic nervous system tone based on studies in denervated animals. 20 21 Desflurane's sympathoexcitation properties can mask its direct negative inotropic effects. 22 Patients receiving desflurane, nitrous oxide, or both were equally distributed among the R and NR groups, suggesting a minimal effect of these agents on cardiac contractility. Nevertheless, this is a factor that may have led to a decreased iSV threshold predicting VE responsiveness in our study. A recent meta-analysis which included 29 studies examined the performance of dynamic indices in the assessment of volume responsiveness. 1 In five of eight studies examining SV measures before VE, SV was reduced in patients who were found to be responders when compared with nonresponders. 23 -27 Among the three other studies, two focused on patients treated with b-blockers 15 28 and consequently may modify the relationship between preload and CO. The last study used CO data derived from combined TED aortic blood velocity and aortic diameter measurements, 29 which has been found to increase the measurement error. 30 Other studies included in this meta-analysis did not stipulate SV values before VE, but did report reduced CO before VE in patient responders compared with non-responders. 13 31 -34 In a study which included mechanically ventilated postoperative cardiac surgery patients without cardiac dysfunction, the area under the ROC curve describing the value of CI in predicting responsiveness to VE was 0.74 (0.07) vs 0.63 (0.07) and 0.58 (0.08) for PAOP and CVP, respectively, and 0.98 (0.01) for respiratory-induced changes in arterial pulse pressure. 34 Among the data derived from TED-based blood flow velocity waveform, cFT has been proposed as a value of preload index. 5 8 29 However, this parameter is also influenced by afterload and, therefore, may lack specificity for predicting responsiveness to VE, which seems to be the case in our study. 8 35 PV and MA, two indices derived from the shape of aortic blood velocity waveform and related to myocardial contractility, increased significantly in the R group but not in the NR group (Table 3) . However, these indices are also known to be influenced by changes in preload and afterload changes. 36 Alternatively, this may reflect known complex interactions between cardiac loading conditions and contractility. In daily practice, the decision of VE is based on multiple factors including quantitative clinical endpoints, anaesthetic depth, and the dynamic clinical and surgical context. There were no predefined arterial pressure values used to prompt VE in our study. However, MAP in both the R and NR groups were low before VE (mean¼32 mm Hg), knowing that acceptable MAP can usually be grossly defined as equivalent to the number of weeks of gestational age (i.e. 37 and 36 weeks in R and NR, respectively). 37 This observation supports the preoccupation with MAP values and its significant role in anaesthetic management. 38 Systolic arterial hypotension associated with a normal CI and iSV in the NR group [3.7 (0.8) suggests a state of excessive arterial vasodilatation. 39 The hypotensive effect of sevoflurane is well described and is While less well defined in paediatric patients, desflurane has been shown to produce similar arterial pressure effects in adults receiving sevoflurane. 41 Although not examined in our study, vasopressor therapy or a switch to an alternative anaesthetic drug may have been more effective than VE in the NR group. The increase in MAP observed in NR patients post-VE, without an improvement in CI, may be explained by other factors such as the subsequent reduction in opioids given to the NR during the period of arterial hypotension.
There are some limitations to our study. Results from our study showed that R were younger, lighter, and less anaemic than NR, factors that are associated with each other. This may highlight that the youngest patients are those who generally undergo emergent major surgery, such as abdominal surgery, often associated with volaemic disorders. A strict standardized anaesthetic protocol was not used. VE tended to be of greater volume, completed more rapidly, and more colloid based in the R group (Table 1) . Even though not statistically different, these differences between groups may have introduced bias in our study. All patients received sevoflurane or desflurane, two volatile agents with similar haemodynamic effects. 41 This pragmatic methodology attempted to avoid a protocol with strict inclusion criteria in a patient population including neonates and young infants, often operated on an urgent-to-emergent setting. Furthermore, we feel that this allowed an evaluation of TED in realistic conditions. Although TED, when compared with transpulmonary thermodilution, has been shown to provide a clinically accurate estimate of CO in non-cardiac paediatric critical care patients, this is the first study to evaluate the use of TED measurements in neonates and young infants in the intraoperative setting. TED is user-friendly with a good reproducibility including an intraobserver variability of about 3%, 42 but contains a few limitations. The product of the blood velocity-time integral (VTI; or stroke distance, the distance of a column of blood within the aorta which travels past the probe with each ejection from the LV) and the aortic crosssectional area (aCSA) provides a measure of SV (stroke volume¼VTI×aCSA). Assuming a linear proportionality between aortic diameter and the patient's height, Tibby and colleagues 4 established nomograms on the entire paediatric population, from neonates to older children, showing satisfactory correlation with thermodilution measures (r 2 ¼0.88, standard error of the estimate¼0.266). These authors attempted to introduce a correction factor accounting for the variation in aortic cross-sectional area during haemodynamic changes, but this did not improve the predictive value of the model. They concluded that TED provides a clinically accurate estimate of CO across the entire paediatric age range and is able to follow changes in CO. These results permitted the commercialization of a monitor adapted to paediatric patients which was used in our study (Cardio QP TM , Deltex Medical TM ). The accuracy of aortic blood flow velocity requires that the angle of insonation (angle between ultrasound beam and aortic blood flow) is ,208, otherwise this produces large errors due to its cosine relationship with flow. Estimated aortic diameter, angle of insonation, and the descending aorta to total-blood-flow ratio used as a constant are reasons why it is reported that TED seems most useful to track changes in CO rather than producing absolute values. 42 Despite the potential for imprecision in TEDmeasured CO, our results show that iSV can effectively predict response to VE when compared with standard clinical monitoring data. Coupling aortic cross-sectional area to Doppler CO measurements was identified as a major source of error; 42 a technique that was not utilized in our study. Accuracy is best when TED measurements are performed by an experienced operator 43 and when the probe is repositioned before each measurement to obtain the best blood flow signal; 44 two requirements that were met in our study. In adults, many studies have shown that intraoperative optimization of TED-derived CO can reduce postoperative complications and duration of hospital stay post-abdominal and orthopaedic surgery, in particular in the elderly patient. 36 
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Conclusion
Monitoring CO by TED in neonates and young infants without cardiac dysfunction undergoing volatile anaesthesia can be used to predict responsiveness to VE with a sensitivity of 92% and a specificity of 83%. In this study, TED showed that VE based on standard clinical monitoring data may be inappropriate in as much as 50% of patients in this age group. Furthermore, the lack of responsiveness to VE was not detected in over 25% of patients, possibly leading to undue fluid loading. TED is a minimally invasive and quickly learned monitoring technique that is useful to guide intraoperative VE and could be shown in the future to improve postoperative outcomes in neonates and young infants. 
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